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n members of a small number of phyla, leader sequences obtained from a small nuclear RNA, the spliced leader (SL) RNA, are attached to the 5Ј ends of mRNAs. To date, SL addition has been identified in three metazoan phyla (Nematoda, Platyhelminthes, and Chordata) (1) (2) (3) (4) and in one unicellular eukaryotic phylum (Sarcomastigophora) (3, (5) (6) (7) . No evidence of SL addition has been detected in any intensively studied plants, fungi, insects, echinoderms, or vertebrates. The phylogenetic distribution of SL addition ( Fig. 1 ) is surprising and has made it difficult to discern the evolutionary history of this process. However, SL additions in unicellular eukaryotes and metazoans do share several features. Many SL RNAs have a highly conserved structure that includes three stem-loops, and all of the SL RNAs have a binding site for the Sm protein (8) . In a number of uni-and multicellular species, copies of the SL RNA genes are found to be repeated within the 5S rDNA cluster (9) . For all of the genes in trypanosomes, for a portion of nematode genes, and possibly in some flatworm genes, SL addition serves to separate polycistronic primary transcripts into individual mRNAs (10) (11) (12) . SL addition is thus an important feature of both genome organization and gene expression in these phyla. The conservation of these features suggests the possibility that SL addition originated in unicellular eukaryotes and was retained at least into the ancestor of modern protostomes and deuterostomes but was lost after the divergence of many metazoan phyla. However, given the apparently small number and diverse phylogenetic positions of metazoan phyla that carry out SL addition, multiple independent origins for this process must also be considered. Early diverging metazoan phyla have been examined for the presence of SL addition (13) , but so far no cases have been reported. Here we demonstrate the presence of SLs on mRNAs in Hydra, a member of the early-diverging metazoan phylum Cnidaria. Previous studies of Hydra genes had revealed that they undergo typical cis-splicing (14, 15) , with the introns in some Hydra genes being located at sites identical to those in homologous genes in vertebrates (14) . The presence and features of SL addition in Cnidaria provide additional data bearing on the puzzling evolutionary history of SL addition in metazoans.
Materials and Methods
Database Searches. Database searches were carried out by using the BLAST server at the National Center of Biotechnology Information (16) .
Isolation of Hydra DNA and RNA. Genomic DNA was isolated from the Zurich strain of Hydra vulgaris essentially as described by Davis et al. (17) . Total H. vulgaris RNA was extracted with hot acidic phenol (18) .
Rapid Amplification of cDNA Ends (RACE). 5Ј RACE for the HTK32 cDNA was performed essentially according to Frohman (19) . PolyAϩ RNA was isolated from adult H. vulgaris polyps by using an RNeasy Midi Kit (Qiagen, Chatsworth, CA) and an Oligotex mRNA Mini Kit (Qiagen). Reverse transcription was performed by using a gene-specific primer (5Ј-TTGTAGCTCTTACATTAC-3Ј). The resulting first-strand cDNA was polydA tailed with terminal transferase (Boehringer Mannheim) before the first round of PCR. The initial amplification reaction was carried out by using a mixture of three primers as described by Frohman (19) . The sequences of the primers are as follows: 5Ј-CAATAACTCTATATTTACC-3Ј; 5Ј-AAGGATCCGTCGACATCG-3Ј; 5Ј-AAGGATCCGTCGA-CATCGATAATACGACTCACTATAGGGATTTTTTTT-TTTTTTTT-3Ј. Amplification conditions were as described by Frohman (19) . The second round of amplification was for 40 cycles at a final annealing temperature of 44°C by using the following primer pair: 5Ј-GTATAAACACCAGCATC-3Ј; 5Ј-ATCGATA-ATACGACTCAC-3Ј. The 390-bp fragment obtained from the second amplification reaction was purified by agarose gel electrophoresis, extracted from the gel by using the Qiaex II Gel Extraction Kit (Qiagen), and cloned into the pGEM-T EZ cloning vector (Promega).
For 3Ј RACE of SL-A and -B, polyA tails were added to the total RNA sample by using cloned yeast polyA polymerase (United States Biochemical). The polyadenylation reaction was carried out according to the manufacturer's protocol. First-strand cDNA was synthesized from the pool of polyadenylated RNA by using AMV reverse transcriptase (Boehringer Mannheim) and was primed from an oligonucleotide containing a dT 16 sequence at its 3Ј end (5Ј-AAGGATCCGTCGACATCGATAATACGACTCACT-ATAGGGATTTTTTTTTTTTTTTT-3Ј). Two rounds of touchdown PCR (20) were performed to obtain the 3Ј ends of the SL-A and -B RNAs. For SL-A, the first round of amplification was carried out for 40 cycles at a final annealing temperature of 38°C by using the following pair of primers: 5Ј-GGTAGGTACCATAACAGTT-TAC-3Ј; 5Ј-AAGGATCCGTCGACATCG-3Ј. The second round of amplification was carried out for 35 cycles at a final annealing temperature of 49°C by using the following pair of primers: 5Ј-TCTCTTTACGATTTTCGGG-3Ј; 5Ј-ATCGATAATAC-GACTCAC-3Ј. The 101-bp fragment obtained from the second amplification reaction was gel-purified and cloned into pGEM-T EZ (Promega). The 3Ј end of SL-B was identified by the same procedure by using the first-round primers 5Ј-GTAGGCAT-CAATAAATTTTGAC-3Ј and 5Ј-AAGGATCCGTCGA-CATCG-3Ј to amplify at a final annealing temperature of 42°C. The second-round primers were 5Ј-GCAAATTTTCGAATT-TCGGGG-3Ј and 5Ј-ATCGATAATACGACTCAC-3Ј, and a final annealing temperature of 46°C was used. The 79-bp fragment obtained from the second round of amplification was gel-purified and cloned into pGEM-T EZ.
Amplification of 5S rRNA Gene Repeats. 5S rRNA gene repeats were amplified with primers corresponding to the conserved portions of known cnidarian 5S rRNA sequences (21) (22) (23) . The sequences of the primers were as follows: 5Ј-GTTAAGCACCGTCAAGC-CAGG-3Ј; 5Ј-CTTCCGTGATCGGACGAGAAC-3Ј. Amplification was carried out for 35 cycles at a final annealing temperature of 51°C. The resulting products were gel-purified and cloned into pGEM-T EZ.
Outron Cloning. A fragment of genomic DNA containing sequence upstream of the Hydra Syk gene (24) was amplified by using the splinkerette method (25) . The resulting fragment was cloned into pGEM-T EZ and sequenced.
RNA Hybridization Analysis. For probing with SL probes, samples of total RNA (12 g each) were separated in a formaldehydecontaining 3% NuSieve GTG agarose gel (BMA Biomedicals). Before transfer, the lane containing the RNA size markers (Ambion, Austin, TX) was separated and stained with ethidium bromide. After capillary transfer to a Genescreen II nylon membrane (DuPont), the RNA was crosslinked to the membrane by using a UV Stratalinker 2400 (Stratagene). Probes labeled with [␣-32 P]dATP were made by extending a primer annealed to a synthetic oligonucleotide template by using Klenow DNA polymerase (Promega) in Prime-It II dATP reaction buffer (Stratagene). For the SL-A intron probe, the template was 5Ј-GTAGGCAT-CAATAAATTTTGACGCAAATTTTCGAATTTTCGGGG-TTTCGGTAGTGGGTAAA-3Ј, and the primer was 5Ј-CCCAC-TACCGAAACCCCGAA-3Ј. For the SL-B exon probe, the template was 5Ј-ACGGAAAAAAACACATACTGAAACTTTT-TAGTCCCTGTGTAATAAG-3Ј, and the primer was 5Ј-CTTATTACACAGGGACTAAAAAG-3Ј. Hybridizations were carried out in an aqueous buffer [1 M NaCl, 100 mM Tris⅐HCl, pH 8.0͞0.1% BSA͞0.1% polyvinylpyrrolidone͞0.1% Ficoll͞0.05% sodium pyrophosphate͞0.1% SDS͞0.1 mM disodium EDTA͞50 g/ml heparin͞100 g/ml torula yeast RNA (Sigma)͞500 g/ml herring sperm DNA (Sigma)] for 18 h at room temperature. The blots were washed at room temperature twice in high salt buffer (1 M NaCl͞0.1 M Tris, pH 8.0͞0.1 mM disodium EDTA), then in 2ϫ standard saline phosphate͞EDTA [0.18 M NaCl͞10 mM phosphate, pH 7.4͞1 mM EDTA (26)]. Hybridization was detected by exposure of the filters to x-ray film with intensifying screens at Ϫ70°C.
For identification of RNAs containing trimethylguanosine (TMG) caps, 30 g of total RNA was immunoprecipitated by using an anti-TMG antibody͞agarose conjugate [Oncogene Research Products (Cambridge, MA)]. Both the bound and unbound fractions were phenol͞chloroform extracted and precipitated in 75% ethanol. Electrophoresis, transfer, hybridization, and washing were all performed as described above. A probe that recognized 5S rRNA was made with the template 5Ј -CCTACGACCATACCACGGTGA ACACACCCGT T-CTCGTCCGATCACGGAAG-3Ј and the primer 5Ј-CTTC-CGTGATCGGACGAGAAC-3Ј by using the same procedure as described above for preparation of SL probes.
DNA Sequencing. DNA sequencing was carried out by primer walking and was done by the University of California, Irvine, DNA Core Facility.
RNA Structure Modeling. RNA secondary structures were modeled by using Version 2.3 of the MFOLD program (27, 28) . Details of the folding conditions are described in the text.
Results

A Number of Hydra mRNAs Contain Identical Sequences at Their 5
Ends. A database search with the sequence of the 5Ј untranslated region of the H. vulgaris receptor protein-tyrosine kinase gene HTK32 (unpublished work) revealed a conserved sequence at the 5Ј end of several Hydra cDNA sequences. Subsequent comparisons among all of the Hydra cDNA sequences in the database revealed two sequences that were located at the 5Ј ends of a variety of cDNAs ( Fig. 2A ). This finding suggested that Hydra mRNAs may undergo SL addition at their 5Ј ends. We attribute the differing lengths of the sequences to premature termination of reverse transcription.
The putative spliced leader sequences are found on mRNAs encoding a variety of proteins, including receptor and nonreceptor protein-tyrosine kinases, transcription factors, metabolic enzymes, and structural proteins. SL sequences may not be added to all mRNAs. Of the 50 Hydra cDNA sequences in the database for which 5Ј untranslated region sequence is available, Ϸ30% contain a SL (N.A.S., unpublished observation). Given that some of these sequences may be incomplete, 30% represents a minimum for the fraction of mRNAs sampled in this manner that are trans-spliced.
In two of the three cases where cDNAs containing SL-A and cDNAs containing SL-B have been reported for a given gene, the Phylogenetic distribution of spliced leader addition to mRNAs. Phylogenetic relationships of only those taxa in which spliced leader addition is known to be present or likely to be absent are shown. The phylogenetic relationships between the taxa are based on multiple molecular studies (42) (43) (44) . (A) A version of the tree in which spliced leader addition arose in a unicellular eukaryote and was subsequently lost from the various taxa indicated in gray. Minuses indicate points at which loss occurred. (B) A version of the tree in which spliced leader addition arose independently in the various phyla indicated in black. ϩ, points at which origin of spliced leader addition occurred.
junction of the SL-A sequence and the SL-B sequence with the remainder of the cDNA sequence is located at the identical position. The one exception is HTK32, where clones containing different SL sequences show SL-B to be attached at a site four nucleotides upstream of the SL-A attachment site (Fig. 2B) . In HTK32 clones containing SL-B, the AG splice acceptor dinucleotide used for splicing to SL-A is revealed, indicating that spliced leader attachment in Hydra occurs at a typical splice acceptor site and that HTK32 undergoes alternative transsplicing. To further confirm that leader sequences are spliced onto the ends of mRNAs in Hydra, we amplified the sequences upstream of the gene encoding the Hydra Syk protein-tyrosine kinase (24) , which has been found to yield both SL-A-and -B-containing mRNAs. As predicted, the genomic sequence diverged from the cDNA sequences at the point where the spliced leader sequences begin (Fig. 2C) , and a splice acceptor dinucleotide is located at the predicted position. The splice acceptor dinucleotide is immediately preceded by a pyrimidinerich sequence (shaded in Fig. 2C ), a feature also found immediately upstream of the splice acceptor dinucleotides of introns in cnidarians (R.E.S., unpublished observation).
SL-A and -B Are Encoded by Genes Located in the 5S rRNA Gene
Clusters. If Hydra mRNAs undergo spliced leader addition, we would expect to find genes encoding small RNAs that contain the putative SL sequences followed by a splice donor dinucleotide. In a number of species that have been shown to use spliced leader RNAs, the genes encoding the SL RNAs are present in the spacer between the repeated 5S rRNA genes (9) . We thus amplified the 5S rDNA repeats from H. vulgaris and examined the spacer region for the presence of sequences corresponding to the two leader sequences. Amplification generated two products, a major one of Ϸ1.3 kb and a minor one of Ϸ1.6 kb, indicating that H. vulgaris contains two types of 5S gene repeats. The 1.6-kb repeat contained the SL-A gene, and the 1.3-kb repeat contained the SL-B gene (Fig. 3A) . Both SL genes had the same transcriptional orientation relative to the flanking 5S genes. Sequencing of the SL genes revealed a candidate GT splice donor dinucleotide at the predicted position in each of the genes (Fig. 3B) .
We have assumed the 5Ј ends of the SL-A and -B genes to be at or very near the position defined by the longest of each type of SL sequence found in the cDNA clones. To map the 3Ј ends of the SL genes, we used a modification of the RACE procedure (19) in which a preparation of total RNA from Hydra was tailed (46) , where it results in the truncation of a highly conserved portion of the CREB coding sequence. We have attempted, without success, to confirm this arrangement by amplification of the corresponding region from first-strand cDNA made from H. vulgaris polyAϩ RNA. We therefore believe that this clone is a hybrid produced during cDNA library construction by ligation of the 3Ј end of a partial CREB cDNA to the 5Ј end of a cDNA derived from an SL-B-containing mRNA. (B) Alignment of sequences from the 5Ј ends of HTK32 cDNA clones containing SL-A or -B sequences. The clone containing SL-B includes four nucleotides that are not present in the SL-A-containing message. The splice acceptor dinucleotide is underlined. The SL-A-containing sequence is from a clone isolated from a cDNA library. The SL-B-containing sequence was obtained by 5Ј RACE (see Materials and Methods). (C) Genomic sequence from the Hydra Syk gene (24) . The splice acceptor dinucleotide is indicated by double underlining. The genomic sequence is aligned with the sequences from Syk cDNAs containing either SL-A or -B (see A). The pyrimidine-rich sequence upstream of the splice acceptor dinucleotide is shaded.
at the 3Ј end with polyA polymerase. Synthesis of cDNA from this tailed RNA preparation was primed with an oligo-dT containing RACE primer. SL-A-and -B-specific cDNA products were then amplified by using nested primers corresponding to the predicted intron portions of the SL genes described above. Multiple clones from the resulting PCR products were sequenced. For SL-A RNA, the 3Ј end could be identified unambiguously. However for SL-B, the DNA sequence contains a sequence of three A residues at the position where the polyA tail was attached. Thus one or more of the three As shown at the 3Ј end of SL-B RNA in Fig. 3B may be derived from the polyA tail.
The predicted SL-A and -B RNA sequences differ significantly both in length and sequence (Fig. 3B) . Alignment of the sequences shows regions of conservation only around the splice donor site and the predicted Sm-binding site. To confirm that the SL sequences are transcribed as small RNAs, gel-fractionated total Hydra RNA was probed for SL-A and -B sequences. The SL-A probe detected a single RNA of the expected size (Fig. 4A,  lane 1) . The SL-B probe detected an RNA of the expected size (Fig. 4A, lane 2) as well as a second smaller RNA. The identity of the second RNA is unknown.
Hydra SL RNAs Contain TMG Caps. SL RNAs in other metazoans contain a TMG cap. To determine whether Hydra SL RNAs contain a TMG cap, we tested whether the SL RNAs could be bound by an antibody against TMG. Both SL-A and -B RNAs were recovered in the bound fraction (Fig. 4B, lanes 1-4) . The specificity of the binding was confirmed by showing that 5S RNA, which lacks a TMG cap, remains in the unbound fraction (Fig. 4B, lanes 5 and 6) .
The Predicted Structures of the Hydra SL RNAs. SL RNAs identified in other systems are predicted to adopt a conserved structure that consists of a stem-loop containing the splice donor dinucleotide, followed by two additional stem-loops that flank a single-stranded region containing a binding site for the Sm protein. The exceptions to this structure are the SL of the flatworm Schistosoma mansoni, in which the second stem-loop is absent (29) , and the SL of the ascidian Ciona intestinalis, in which both the second and third stem-loops are absent (1) . We have attempted to model the secondary structures of the Hydra SL RNAs by using Version 2.3 of MFOLD (27, 28) . Two folding constraints were applied. First, five nucleotides including the splice donor dinucleotide (GGUAG) were required to be base paired. Second, the 3Ј-most predicted Sm-binding sequence was required to be single-stranded. Both of these constraints are conserved features of the structures predicted in previous SL RNA models. Folding was carried out at 18°C, the temperature at which Hydra is typically cultured. All other parameters were used at their default settings. Using these conditions, MFOLD yielded a single structural prediction for SL-B, which is shown in Fig. 5B . This same model was obtained at temperatures up to 37°C. Either requiring the middle predicted Sm-binding site to be single-stranded or requiring both it and the 3Ј-most predicted Sm-binding site to be single-stranded did not change the structure significantly. We did not produce a model in which the 5Ј-most candidate Sm-binding site was forced to be single-stranded, because this site is located significantly 5Ј of the location of the Sm-binding sites of all other SL RNAs. By using the same constraints, except for a temperature of 25°C, the SL1 RNA of Caenorhabditis elegans was folded as a control. Two structures were obtained for SL1 RNA. Both contained the expected three stem-loops but differed in the details of the folding of the first stem-loop. The structure that most closely resembles those published previously is shown in Fig. 5C . This structure contains features in the first stem-loop that have been confirmed by NMR spectroscopy (30) . The Hydra SL-B model differs significantly from models of other SL RNAs. Of particular interest is the long stem produced by base pairing between the 5Ј and 3Ј portions of the molecule. Such a structure has not been reported for other SL RNAs. This stem is a robust feature of the model. It is obtained in completely unconstrained foldings and in foldings obtained when the MFOLD percent suboptimality is increased from the default value of 5% to a value of 20%. It thus seems likely that this stem is a feature of the RNA in vivo. Interestingly, however, the SL-B structure does contain three stems. The significant difference is that the third stem is formed by base pairing with sequences from the 5Ј end of the RNA, whereas in other species it forms from the folding back of 3Ј sequences. The predicted structure for SL-A (Fig. 5A ) differs significantly from that of SL-B and lacks the structural features predicted for most SL RNAs. Surprisingly, the putative Sm-binding site is located on the loop of the single stem-loop in the SL-A model.
Discussion
The evolutionary history of spliced leader addition to mRNAs has been difficult to discern because of lack of knowledge of how widespread the phenomenon is and to what degree the features of the process are conserved. With the identification of spliced leader addition in a cnidarian, we now know that members of four metazoan phyla and one phylum of unicellular eukaryotes carry out this reaction. In all cases, the spliced leader is derived by transsplicing of an exon contained in a small RNA molecule, and the exon is followed by a canonical splice donor dinucleotide. At least some of the genes encoding spliced leader RNA in a given species in each of these phyla are present in tandem arrays (summarized in ref. 9 ). However, in C. elegans, where several classes of SL RNA genes are present, some of the SL genes are present in tandem arrays and some are present as single copies (31) . In a number of cases, but not all, the tandemly repeated SL RNA genes are interspersed with other repeated genes, most commonly the 5S rRNA genes (9) . It has been argued that this is the result of a propensity for 5S rRNA genes to insert into preexisting SL RNA gene clusters (9) . However, given the presence of 5S rRNA gene clusters in organisms lacking SL genes, it seems more likely that SL genes have inserted into preexisting 5S clusters.
Except for the Sm-binding sequence and the splice donor dinucleotide, cross-phylum sequence conservation among SL RNAs is absent. Within phyla, sequence conservation is variable. The exon portion of the major SL RNA in nematodes, SL1, is identical in sequence in all members of the phylum that have been examined (4) . In flatworms, however, SL exon sequences vary considerably across genera (13) . The sequence conservation in the nematode SL1 exon is thought to be because of the presence of transcription promoter elements within the SL exon (32, 33) . The promoters of flatworm SL RNAs have not yet been mapped, so it is at present unclear why sequence variation is tolerated in the exons of their SL RNA genes. The SL-B exon is identical in sequence among four different species of Hydra. Studies of additional cnidarians will be required to determine the extent of trans-splicing and the degree of conservation of SL sequences in this phylum.
Most of the SL RNAs described previously can be folded into a conserved secondary structure that contains three stem-loops and a single-stranded binding site for the Sm protein (8) . Exceptions to this structure include the SL RNA from the flatworm Schistosoma mansoni, in which the second stem-loop is absent (29) , and the Ciona SL RNA, which lacks the second and third stem-loops (1). Our modeling of the secondary structure of the Hydra SL-B RNA have yielded the surprising finding that sequences from the 5Ј and 3Ј ends of the molecule apparently base pair with each other to form a long stem. Although this is quite different from other SL RNA structures, it does conserve a structural element, the presence of a stem 3Ј to the Sm-binding sequence. It will be interesting to determine whether this unusual way of forming the third stem is actually used by the RNA.
Perhaps the most unusual feature of SL addition in Hydra is the alternative usage of two very different leader sequences. SL-A and -B show very little similarity in sequence and are quite different in length. Although this level of dissimilarity has not been shown in other species containing multiple spliced leaders, this finding is not necessarily unexpected. Mutagenesis studies have shown there is considerable flexibility in the sequence and structural requirements for splicing of the C. elegans SL-1 RNA (34, 35) . We now have multiple examples of genes whose mRNAs can accept either SL-A or -B. Whether other genes accept only one or the other SL is A final feature related to SL addition for which we currently lack information in Hydra is whether any of the genes in this species are organized into operons. In trypanosomes, all of the genes are organized into operons, and SL addition separates the resulting polycistronic mRNAs into individual species (5, 36) . It is not known whether any of the genes in euglenoids, the other unicellular eukaryotes that are known to carry out spliced leader addition (6, 7) , are organized into operons. In C. elegans, about 25% of the genes are organized into operons (37) . SL1 is spliced onto the 5Ј end of the resulting polycistronic mRNAs (38) , and SL2 is trans-spliced onto the downstream mRNAs (39) . Recent evidence suggests that operons may also be present in flatworms (10) , and that spliced leader addition may play a role in separating polycistronic transcripts there, too. There is no information on the presence of operons in Ciona. Thus, to date there are no reports of organisms that use SL addition but lack operons. This suggests the intriguing possibility that SL addition is present or may persist only in organisms at least some of whose genes are organized into operons. It has been proposed that spliced leaders in C. elegans originated as molecular parasites (40) . In such a scenario, spliced leaders would allow the formation of operons, which would then depend on trans-splicing to resolve the downstream mRNAs.
The distribution of spliced leader addition can be explained in multiple ways. SL addition could have arisen once in a unicellular eukaryotic ancestor to metazoans and have been lost from many metazoan lineages. Alternatively, SL addition could have arisen multiple times. Its history could also have involved a combination of losses and gains. From existing information about the presence or absence of SL addition, its distribution cannot be explained by fewer than five independent gain or loss events (Fig. 1) . Thus, the available phylogenetic distribution data do not allow one to decide between gain or loss models. Either case would involve drastic changes in the manner in which genes are organized and expressed.
Clues to the evolutionary history of spliced leader addition may lie in the history of the eIF4e proteins, the proteins that bind mRNA caps. The presence of TMG caps on mRNAs as the result of an organism acquiring SL addition requires that the organism also evolve eIF4e proteins that can bind to TMG caps. C. elegans contains five genes encoding eIF4e isoforms (41) . Three of these isoforms are closely related and bind TMG caps in addition to the monomethyl guanosine (MMG) caps, which are present on non-SL-containing mRNAs. A phylogenetic comparison of eIF4e proteins from Hydra with those from C. elegans should allow us to determine whether TMG cap-binding eIF4e isoforms have originated once in metazoans (consistent with multiple loss of SL addition during metazoan evolution) or multiple times (consistent with multiple independent gain of SL addition). Parsimony analysis of the eIF4e sequences available in public databases (R.E.S., unpublished observations) supports the hypothesis that the TMG-binding isoforms of C. elegans were derived from a MMG-binding form at some point within the nematode lineage. This result thus provides preliminary support for the multiple independent gain model of SL addition.
